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ABSTRACT 
 
General phenomenological approach is given to the description of mechanical 
surface properties of solids and their influence on surface acoustic wave 
propagation.  Surface properties under consideration may be changes of stress 
distribution in subsurface atomic layers,  presence of adsorbed gas molecules, 
surface degradation as a result of impacts of the aggressive environment,  damage 
due to mechanical manufacturing or polishing,  deposited thin films or liquid layers,  
surface corrugations, etc.  If characteristic thickness of the affected layers is much 
less than the wave-lengths of propagating surface waves, then the effects of all these 
irregularities can be described by means of the nonclassical boundary conditions 
incorporating the integral surface parameters such as surface tension, surface 
moduli of elasticity and surface mass density. The effect of surface properties on the 
propagation of Rayleigh surface waves is analysed in comparison with the results of 
traditional approaches, in particular with Auld’s energy perturbation method. One 
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of the important implications of the above mentioned boundary conditions is that 
they are adequate for description of the effect of rarely distributed adsorbed atoms 
or molecules. This allows, in particular, to obtain rigorous theoretical description of 
chemical sensors on surface acoustic waves and to derive analytical expressions for 
their sensitivity.  
 
PACS:  43.20; 43.35  
_____________________________________________________________________ 
 
1.   Introduction  
 
Among all inhomogeneities in solids essential for physics of surface phenomena, environmental 
physics, and thin film technology the most important are structure inhomogeneties in the 
direction normal to the surface [1-4].  Even in the case of free surfaces created by the method of 
splitting crystal along cleavage planes, i.e., for perfect surfaces, the atomic subsurface layers 
always exist that differ in their physical properties from the bulk of a crystal simply because the 
upper surface atoms are in different conditions in comparison with the atoms in the bulk of the 
medium [1,2].  The subsurface layers under consideration are subject to the action of constant 
residual stresses, and their atoms are characterised by modified coupling constants. The 
thickness of damaged subsurface atomic layers are usually of the order of one or two 
interatomic distances in a crystal lattice, i.e., about 2 -5 Å.   
     Layers of much larger thickness can be created as a result of impact of the aggressive 
environment on technological and construction materials or due to mechanical manufacturing.  
For example, even after the most careful mechanical polishing a damaged subsurface layer 
appears which has a variety of defects and is subject to the action of residual stresses. Typical 
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thickness of such layers is about 40-100 Å [5]. However, in cases of more rough mechanical 
manufacturing or environmental surface degradation thickness of damaged subsurface layers 
may achieve several millimetres and even larger.  
     We shall call all the above-mentioned surface-related inhomogeneities of real solids as 
surface properties, though historically this term was usually applied to the case of atomically 
clean surfaces (for this situation the term "capillary phenomena" is also used). Such a 
generalisation is reasonable since for description of comparatively long-wavelength acoustic 
waves the subsurface layers in all above-mentioned cases can be characterised by the same 
mechanical parameters: surface tension, surface elasticity and surface mass density. 
     Investigation of the features of surface acoustic wave propagation with taking into account 
surface properties of solids is important from the point of view of better understanding the 
subsurface dynamics [1,2]. Besides this, it has numerous practical applications, e.g., in 
acoustoelectronics, where the presence of technologically damaged subsurface layers affects the 
behaviour of certain surface acoustic wave devices, in particular, resonators on surface acoustic 
waves. The most essential effect of damaged layers on acoustoelectronic devices is the long-
term influence of the residual stresses initiated by the mechanical manufacturing. Their 
relaxation in time is responsible for a long-term instability of surface wave devices, i.e., for 
their ageing [5].  
     The study of the effect of surface properties on surface wave propagation is important also 
from the point of view of possibilities of the experimental estimation of subsurface layer or 
deposited thin film elastic parameters using surface acoustic waves [6]. One also might expect 
that using surface acoustic wave propagation along external surfaces of buildings and civil 
engineering constructions could provide relevant information about surface degradation of the 
construction materials due to weathering and assist in their service life prediction.  A special 
very important application of surface wave propagation along inhomogeneous subsurface layers 
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is its use for detection and measuring concentrations of the surrounding gases or liquids using 
changes in surface acoustic wave velocity as a result of the interaction of liquid or gas 
molecules with the surface (surface acoustic wave chemical sensors [7]).  
     In the present article we give the general approach to the description of mechanical surface 
properties of solids and analyse their influence on the propagation of Rayleigh surface acoustic 
waves.  Special attention is being paid to the effect of rarely distributed absorbed atoms or 
molecules and its implications for surface acoustic wave chemical sensors.  The problem of 
sensor sensitivity to surrounding gas concentrations is discussed, including possible side 
effects, such as influence of gas molecules on the elastic properties of selectively absorbing 
films.   
 
2.   Definition of Surface Properties  
 
Let us assume that inhomogeneous elastic solid is bounded by the plane surface  Σ  and define 
in this solid a volume  V  cutting on the surface a plot  S  (Fig. 1).  We also define a free energy  
A  of a semi-bounded sample of the volume  V. Variations of this energy can be determined 
phenomenologically if the distribution of mechanical stresses  σij(x3)  over the volume is 
known.  Here  x3  is the coordinate normal to the surface, and the Latin indices  i and j  take the 
values 1,2,3.  As follows from the solution of the quasi-static equilibrium problem for the free 
surface boundary conditions    σi3 = 0  at  x3 = 0, only the components  σαβ(x3) differ from  
zero, where the Greek indices α  and  β take "surface" values 1 and 2.    
     Let us now suppose that the body is subject to a depth-independent deformation described 
by a small deformation tensor 
     uij   = (1/2)(∂ui/∂xj + ∂uj/∂xi) ,                                             (1)  
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and let first consider the case of symmetric stresses   σαβ(x3)=  T(x3)δαβ,  where δαβ is the 
Kronecker symbol.  Then the change in free energy of the body  dA  associated with the 
variation of a displacement vector  ui  by a small quantity  δui  takes the form [8] 
 
   dA = ∫
V
σαβ(x3)δuαβdV = [ ∫
∞−
0
T(x3)dx3]dS ,                                    (2) 
 
where  dS = Sδuαα .  Note, that formula (2)  is exact, despite the simplification followed from 
the use of the above written linearised deformation tensor  uij  [8].  One must keep in mind, 
however, that tensor  σαβ  is defined relative to the deformed surface.  
     Using the obvious relation  T(-∞) = T = const,  one can rewrite (2) in the form  
 
    dA = TdV + { ∫
∞−
0
[T(x3) - T]dx3}dS .                                         (3) 
 
The second term in the right-hand side of (3) represents the work  dWs  on increase of the 
surface area  dS  which, according to Gibbs  (see, e.g., [4]), can be written in terms of surface 
tension: dWs = γdS.  Thus, comparing the last equality with (3),  one can express the surface 
tension as  
 
   γ =  ∫
∞−
0
[T(x3) - T]dx3  .                                                     (4) 
 
     If the distribution of stresses in a solid has an arbitrary symmetry, the surface tension alone 
is not enough to describe the excess “surface” work done with a solid during its deformation. 
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To describe this situation a more general definition such as the surface stress tensor is required 
[9,10]: 
 
    γαβ =  ∫
∞−
0
[σαβ(x3) - σαβ]dx3  .                                              (5) 
 
Using tensor  γαβ   the expression for  dA  can be written in the form  
 
   dA = σαβδuαβV+ γαβδuαβS  .                                               (6)  
 
Note that, similarly to an ordinary bulk stress tensor  σij , for surface stress tensor  γαβ   the 
equality  γαβ  =  γβα  holds [9]. Therefore, from the four components of  γαβ  only three are 
independent. 
     It is evident that definition (5) does not exclude possible dependence of  γαβ on 
deformations  uαβ .  In the first (linear) approximation with regard to  uαβ  we have 
 
     γαβ = γ0αβ + csαβγδuγδ  ,                                                 (7) 
 
where csαβγδ  are the so-called surface elastic moduli. In particular, if the surface is isotropic or 
if the corresponding face of a crystal has third- or high-order symmetry axes, then  
 
    γαβ  = γδαβ + λsδαβuνν + 2µsuαβ ,                                         (8)  
 
where  λs and  µs  have a sense of surface Lamé parameters, and  γ  is the above-introduced 
surface tension determined now as a half-trace of the strain-independent part of the surface 
tension tensor   γ0αβ =  γδαβ.  Presence of the tensor  γ0αβ  in the expansions (7) and (8) 
describes the fact that the subsurface layer is generally in a prestressed condition. Note that the 
absolute values of surface tension  γ  of capillary origin are of the order  103 erg/cm2  (or 
dyn/cm) [4], whereas for technologically cleaned surfaces they may be by 2 or 3 orders greater. 
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     Surface elastic moduli in their turn may in principle be determined by the relations  
 
    csαβγδ =  ∫
∞−
0
[cαβγδ(x3) - cαβγδ]dx3 ,                                          (9) 
 
where cαβγδ  are the elastic moduli in the depth of the medium. One must take into account, 
however, that moduli  cαβγδ  used in (9) are, generally speaking, different from the 
corresponding moduli  cijkl , where indices  i,j,k, and  l take the values  1 and 2. The reason for 
this is in the fact that due to the presence of a free surface, the deformations in the plane  x1,  x2 
are also accompanied by the deformations in   x3  direction. These deformations give their own 
contribution to the stresses  σαβ  through the corresponding elastic moduli. Therefore, the 
quantities cαβγδ in (9) represent the renormalised values of bulk elastic moduli taking into 
account the solution of the static boundary problem [11].  
       In what follows we also need the surface mass density  ρs . This parameter can be 
introduced, for example, as quantity describing an excess work against the inertial forces, when 
the body is displaced as a whole by the distance  dl  [12]: 
 
   dA = ρüiVdl + üiSdl ∫
∞−
0
[ρ(x3) - ρ]dx3 .                                        (10)  
It follows from  (10) that 
 
   ρs = ∫
∞−
0
[ρ(x3) - ρ]dx3  .                                                  (11)  
 
     It is evident that the above-introduced surface parameters  γ,  λs ,  µs , ρs  may, in general, be 
either positive or negative since they describe the "surface excesses" of physical quantities in 
Gibbs sense; the relations between values of these parameters may be rather arbitrary. For a 
perfect atomically clean crystal surface, a freedom in signs of  λs ,  µs , ρs  is limited; for 
example, the inequality  µs < 0  holds. This inequality is responsible, in particular, for the 
existence of shear surface waves of Love- type even in crystals with a centre of symmetry, i.e., 
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in nonpiezoelectric crystals [11-14].  For mechanically polished or chemically affected surfaces 
and, of course, in the case of thin films deposited on surfaces of solids [3] deviations in values 
of surface elastic moduli and surface mass density may be very wide. 
     In the consideration above we used a free solid boundary  x3 = 0  as a reference plane for 
determination of all surface parameters.  But, generally speaking, it is not necessary to choose 
the reference plane along a free solid surface. The nonuniqueness in definition of the reference 
plane, of course, must have no influence on the description of physical phenomena related to a 
surface. In particular, it must not affect the surface acoustic wave characteristics.  The 
uniqueness in description of physical phenomena is provided by quite unique relations between 
the values of surface parameters determined relative to the different planes of reference [12].  
For example, if to choose a reference plane   x3 = -h  instead of   x3 = 0,  then for an isotropic 
body    λs(-h) = λs(0) + hλ‘ ,   µs(-h)  =  µs(0) + hµ,    and    ρs(-h) =  ρs(0) + hρ,   where   λ‘ = 
2λµ/(λ +2µ)  is the renormalised value of the modulus  λ  taking into account the effect of a 
free surface.  Note that surface tension  γ  does not depend on  h  being quite unique invariant 
characterising the surface tension forces.  
 
3.   Nonclassical Boundary Conditions  
  
The contribution of surface properties of solids to the formation of the acoustic fields near solid 
surfaces can be naturally described by means of specially constructed nonclassical boundary 
conditions. It is convenient first to obtain the boundary conditions with accounting only the 
surface tension.  Such a consideration may also represent an independent interest when the 
influence of residual stresses in a subsurface layer is large in comparison with other parameters.  
     Let us consider any deformed body and suppose the displacement vector  ui  to be changed 
by a small quantity  δui . The corresponding work done by the elastic stresses can be written in 
the form [8] 
    δA = (∂σij/∂xj)δuidV .                                                  (12 )  
 
Integration by parts yields 
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    δA =  ∫ σijδuidfj - ∫ σij (∂δui/∂xj)dV  ,                                         (13) 
 
where  dfj are the components of the vector df of a surface element directed along the outward 
normal to the surface. It is evident that the second term on the right-hand side of (13) describes 
the work done by the elastic forces in changing the strain tensor in the volume of the body. By 
exact analogy, the contour integral in (13) can be regarded as the work done by the elastic forces 
in changing the particle displacement of the surface by a small quantity  δui .  To take into 
account the surface properties, it is necessary to add the work of the above-considered surface 
stresses done in deforming the body.  Assuming this  work to be characterised  only by the 
surface-tension tensor  γ0αβ  and considering for simplicity the isotropic surface, we can write it 
in the form   γδS,  where  δS  is the variation of the surface area with deformation.  
     One can write the work of the surface-tension forces, introducing normal surface coordinates 
xn, xt and xτ  which are measured along the outward normal and two mutually perpendicular 
tangents to the surface, respectively. The strain-induced variation of a surface element can be 
caused by both tangential and normal displacements on the surface.  In the first case the area 
variation is proportional to the variation of the trace of the corresponding components of the 
strain tensor  δuνν , associated with the displacement  u ν, and the corresponding work  δW(1)  of 
the surface tension forces is 
 
     δW(1) = ∫ γ(∂δuν/∂xν)dfn ,                                               (14) 
 
where the subscript  ν  takes the values  t  and  τ . Integrating (14) by parts and assuming that the 
boundary variations  δuν  are zero, we obtain 
 
     δW(1) =  - ∫ (∂γ/∂xν)δuνdfn .                                               (15) 
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The variation of the surface area under the normal displacement  δun  is expressed in terms of 
the principal radii of curvature of a given point of the surface:  R1  and  R2 . This gives the 
following expression for the corresponding work  δW(2) : 
 
    δW(2) = ∫ γ(1/R1 + 1/R2)δundfn  .                                             (16)  
 
     If the surface under consideration is in a thermodynamic equilibrium, then the total virtual 
surface work must be zero. On the basis of the above written expressions, one can obtain the 
equilibrium condition  
 
   ∫ [σinδui  -  (∂γ/∂xν)δuν + γ(1/R1 + 1/R2)δun]dfn = 0 ,                          (17) 
 
where the subscript  i  takes the values  n, t and  τ .  Since the equality (17) must hold for any  δ
ui, we obtain the following boundary conditions taking account of the surface tension: 
 
                                                            σνn - ∂γ/∂xν = 0,  
         (18)  
                                                            σnn + γ(1/R1 + 1/R2) = 0.  
 
Note that the second equality (18) is the analogue of the familiar Laplace formula for liquids. 
Obviously, for  γ = 0  the expressions (18) coincide with the classical boundary conditions 
imposed on the components of the elastic stress tensor in the case of a free surface of a solid. 
     To take account of the surface elasticity and mass density, one should use the expression  (6) 
containing surface work in terms of a deformation-dependent surface-stress tensor  γαβ  and add 
the inertial forces caused by a surface mass density.  Repeating previous transformations and 
using the approximate equality  1/R1 + 1/R2 = - un, αα, , we obtain the following nonclassical 
boundary conditions [12]  
 
                                                          σνn -  γνβ,β + ρsüν  = 0,  
      (19)  
                                                          σnn -  γun,αα + ρsün  = 0,  
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which generalise the conditions (18). Here comma denotes the differentiation with respect to 
surface coordinates  xβ.  If we now use the expansion of a surface-stress tensor  γαβ   in degrees 
of surface deformations (for certainty consider an isotropic case and write only terms, linear 
versus  uγδ  (see (8))), then we can go over from  (19) to the conditions  
 
                                               σνn - λsu αα,ν - 2µsuνβ,β  + ρsüν  = 0,  
     (20)  
                                               σnn -  γun,αα + ρsün  = 0.  
 
     For  γ = 0 , the boundary conditions (20) coincide in form with the well-known Tiersten's 
approximate boundary conditions [15], which are valid for uniform thin films of thickness  h  
with the mass density   ρ‘  and the elastic constants   λ‘  and   µ‘ .     The quantities   ρs, µs, and  
λs  in (20)  have  in  this  case  the  following interpretation:   ρs = (ρ‘ - ρ)h,   µs = (µ‘ - µ)h,  and   
λs = [2λ‘µ‘/(λ‘+2µ‘) -  2λµ/(λ+2µ)]h .   Note, that in the paper  [15]  a reference plane  x3 = -h  
was used instead of  x3 = 0   in the present work.    
      Without accounting surface properties,  the obtained boundary conditions (19) and (20) go 
over  to  the  traditional  boundary  conditions  of the classical theory of elasticity:   σνn = 0   and  
σnn = 0.  The same result is also obtained after the transition to a low-frequency limit in  (19) and 
(20) if the displacements  ui describe the wave fields. The additional terms caused by surface 
effects obviously become negligibly small in this case. 
     Note that so far we did not use the specific laws and terms of nonlinear elasticity, whereas the 
presence of a prestressed subsurface layer indicates that nonlinearity plays a definite role [16]. 
Different approaches to the description of such nonlinearity may result in different forms of 
nonclassical boundary conditions (see, e.g., [12, 17-19]). In the approach used above all the 
nonlinear speciality of the problem is included into the surface stress tensor  γαβ which is 
determined versus the length of a deformed curve. This tensor characterises the truthful stress 
condition of the surface and, using Truesdell's terminology [16], is the tensor of mechanical 
surface stresses.  It is also assumed in our derivation that in the boundary conditions (18)-(20) 
the space derivatives are taken with respect to Eulerian coordinates  xν, and the value of surface 
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mass density  ρs is related to a deformed state.  The alternative form of nonclassical boundary 
conditions may be written in terms of the so called thermodynamical surface stresses  tsαβ  and  
using Lagrangian coordinates [19]. Of course, both these forms of nonclassical boundary 
conditions are equivalent and related to each other by the standard transformations [12].    
     Let us turn again towards the Tiersten’s boundary conditions describing the influence of thin 
films on a solid half space. We recall that Tiersten’s boundary conditions is a particular case of 
the above written nonclassical boundary conditions (20) for  γ = 0.  If the film thickness  h is a 
function of coordinates along the surface (Fig. 2),  then the surface parameters  ρs, µs, λs and γ 
(which are proportional to h) are variable and, instead of (20), the more general boundary 
conditions follow from (19): 
 
       σνn  - ∂γ/∂xν  - λsu αα,ν - 2µsuνβ,β  - (∂λs/∂xν)uαα - 2(∂µs/∂xβ)uνβ  + ρsüν  = 0,  
 
       σnn -  γun,αα + ρsün  = 0.  
         (21) 
If the film is not prestressed (γ = 0) and is made of the same material as the substrate, i.e., λ‘ = λ
, µ‘ = µ, and ρ‘ = ρ, then from (21) follow the well known boundary conditions describing the 
influence of small topographic irregularities originally derived by  Brekhovskikh [20] and used 
widely in the theory of surface acoustic wave propagation on periodically corrugated and 
statistically rough surfaces [21]. 
 
4.   Rayleigh Wave Propagation   
 
Here we briefly describe the problem of Rayleigh surface wave propagation with accounting 
surface properties of solids  (discussion in more details can be found in [12, 21]).   For simplicity 
the  elastic half-space  under consideration  is  assumed to be  isotropic and occupying the 
domain  z ≤ 0,  where the notations  x = x1, y = x2 and  z = x3  are used.  Then, for description of 
Rayleigh wave propagation  with accounting  surface properties of solids one must use the 
mechanical equation of motion  
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     ρüi = σij,j  ,                                                            (22)  
 
the linearised constitutive equation (the Hooke’s law)  
 
    σij = cijklukl ,                                                           (23)  
 
and the above-written nonclassical boundary conditions (20) taking account of the surface 
properties.  We recall that for an isotropic solid  cijkl = λδijδkl  +µ(δikδjl + δilδjk),  where  λ  and  µ  
are the elastic Lamé constants. 
     Using substitution of the standard expressions for the Rayleigh wave field in terms of elastic 
potentials   
 
                                                             ϕ = A exp(ikx + νlz),  
      (24)  
                                                             ψ = B exp(ikx + νtz),  
 
which satisfy (22) and (23),  into the boundary conditions (20), one can derive the modified 
Rayleigh dispersion equation describing the influence of surface parameters on the velocity of 
Rayleigh surface waves:   
 
          (2k2 - kt
2)2 - 4νlνtk2 - (γ/µ)ν1kt
2k2 - [(λs + 2µs)/µ]νtkt
2k2 + (ρs/ρ)kt
4(νl + νt) = 0 .   
      (25) 
 
Here   k = ω/c  is the wave number of surface waves,  c  is their phase velocity,  νl = (k2- kl2)1/2  
and  νt = (k2- kt2)1/2 are constants describing surface wave decay into the depth of the medium,    
kl = ω/cl   and   kt = ω/ct  are the wave numbers of longitudinal and shear bulk elastic waves,  cl 
= [(λ + 2µ)/ρ]1/2  and  ct =  (µ/ρ)1/2  are their velocities.  We recall that  A and B are Rayleigh 
wave amplitude constants related to each other, and  in the case considered the particle 
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displacements in Rayleigh waves,   ux  and   uz,  are  linked   to   the  potentials   ϕ  and  ψ    via  
the expressions    ux = ∂ϕ/∂x - ∂ψ/∂z  and  uz = ∂ϕ/∂z + ∂ψ/∂x.  
     Assuming that influence of surface properties is relatively small and solving (25) by 
perturbation method, one can derive the following simple expression for the Rayleigh wave 
velocity  taking account of the surface properties:    
 
     c/ct = η01/2{1 + (pω/η0ct)[γ/µ + g(λs + 2µs)/µ - s(ρs/ρ)]}.                          (26)   
 
Here  η0 = c02/ct2 is the root of the normalised unperturbed Rayleigh equation (2 - η)2- 4(1-ϑη)1/2 
(1- η)1/2  = 0,  where  ϑ = ct2/cl2,  the coefficients  g, s, p  are determined by the expressions  
 
                                                g = (1 - η0)1/2/(1 - ϑη0)1/2 ,        
                                          s = η02[1 + (1 - η0)1/2/(1 - ϑη0)1/2],                                             (27) 
                                                p =  (1 - ϑη0)1/2η01/2/2F’(η0),  
 
and    F’(η0)  is the derivative of the so called Rayleigh determinant   F(η) = (2 - η)2- 4(1-ϑη)1/2 
(1- η)1/2  (the left-hand side of the unperturbed Rayleigh equation) taken at  η = η0.  
     For perfectly clean surfaces, i.e., when the values of surface parameters  γ, λs, µs, ρs  are of 
pure capillary nature, the contributions of  γ, λs, µs   are of the same order.  Effect of the surface 
mass density  ρs  is usually by an order smaller. In the cases where surface properties describe 
the results of surface degradation or characterise artificial layered structures like films on elastic 
substrates, the relations between surface parameters may be arbitrary enough. For example, in 
the case of homogeneous films with thickness around one micrometer and more, deposited on a 
crystal substrate, the contribution of  γ  due to residual stresses near the plane of contact can be 
usually neglected relative to the contributions of  λs, µs, ρs  that increase proportionally to the 
film thickness  h . In this situation  (26)  describes a well known linear dispersion of the lowest 
quasi-Rayleigh mode propagating in a structure film/substrate, i.e., a lowest mode of generalised 
Lamb waves,  for wavelengths much larger than the film thickness. We recall that it is this 
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condition that provides the validity of the above considered phenomenological description of the 
effect of surface properties. 
     We emphasise that formula (26) for Rayleigh wave dispersion caused by surface properties of 
solids has a general character and does not depend on the particular profile of a subsurface layer. 
In fact, according to (4), (5), (9) and (11), all surface parameters describe a layer in an integral 
way. This agrees with the results of the papers [22,23] obtained using Auld's energy perturbation 
method [24].  Note, however, that the effect of a prestressed layer has not been considered in 
[22-24].  
     We remind the reader that the basic relation of Auld [24] for relative change in velocity of a 
Rayleigh wave in nonpiezoelectric layered media has the form  
 
   ∆c/c0 = (c0/4P0) ∫
∞−
0
[-∆ρω2úi*úi  + ∆cijklui,j*uk,l]F(z)dz ,                           (28)  
 
where  ∆c = c - c0   is the Rayleigh wave velocity variation,  c0  and  ui  are the velocity and 
displacement amplitudes of an unperturbed wave respectively,  P0 = |½Re ∫
∞−
0
úi*σijdz| is the 
absolute value of time averaged energy of an unperturbed wave carried through an elastic half 
space of unitary width,  ∆ρ and  ∆cijkl  are the maximal changes of mass density and elastic 
moduli, according to the expressions  ρ(z) = ρ0 + ∆ρF(z),  and   cijkl(z) = c
0
ijkl + ∆cijklF(z).  
     One can easily show that  (28) can be also written in more compact form  
 
      ∆c/c0 = ∆E/E0 ,                                                      (29)  
 
where  ∆E  is the variation of full mechanical energy of an elastic half space of finite width, and 
E0  is the corresponding unperturbed value of energy.  Indeed, taking into account the well 
known relation  P0 = E0vg,  where  vg = ∂ω/∂k  is the absolute value of the group velocity, and 
noting that for an unperturbed Rayleigh wave  vg = c0 ,  one gets (29) using the fact that 
variation of energy averaged over the period of time is  
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    ∆E = ¼ ∫
∞−
0
[-∆ρω2úi*úi  + ∆cijklui,j*uk,l]F(z)dz  .                                    (30) 
 
     If to take into account the equality  c = ω(k)/k,  then the expression (29) can be  rewritten in 
the form   
     ∆ω/ω = ∆E/E0                                                           (31) 
 
which represents the familiar general relation for a frequency variation in a conservative 
oscillating system.    
     In cases considered in this paper, i.e., when surface acoustic wavelengths are much larger 
than the layer thickness, the expression in square brackets of (28) and (30) can be pulled out of 
the integral and the values of  ∆c/c0  obtained from  (28) or (29) must coincide, of course, with 
their values, calculated according to (26) and (27) for  γ = 0 and surface parameters defined by 
(5), (9), and (11).  In particular, the derivative of the Rayleigh determinant  F’(η0),  which 
appears in (26), (27) due to the expansion of  F(η)  in Taylor series, must be also present in the 
denominators of (28) or (29).  It is really so, because the energy  P0  carried by the unperturbed 
Rayleigh wave is proportional to F’(η0),  namely [21,25]:  
 
     P0 = ½|ux|2ωρ0ct
2(1 - η0)-1/2F’(η0) .                                         (32)  
 
One can show that proportionality of the wave energy flux to the derivative of a dispersion 
relation is a general characteristics of wave phenomena [21].  
      In conclusion of this part, it is worth to mention that linear dependence of Rayleigh wave 
velocity on surface parameters (formula (26)) can be used for experimental determination of 
one of the surface parameters if three other surface parameters are known. To determine all 
surface parameters one should carry out additional measurements based on independent 
principles, e.g., measurements of velocity of shear surface waves [12-14] and measurements of 
reflection of bulk acoustic waves from the surface at Brewster angles [12].  In the last few years 
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a number of experimental investigations have been carried out where linear dependence of 
Rayleigh wave velocity on parameters characterising different surface properties was used for 
the purposes of characterisation of subsurface layers.  Thus, in the paper [6] the precise 
measurements of dispersion of Rayleigh waves generated by short laser pulses on the surfaces 
of isotropic solids and crystals covered by thin films were undertaken to determine the elastic 
properties or thickness of deposited thin films using numerical calculations or energy 
perturbation method.  Thickness of deposited thin films in these experiments varied from 
around 300 Å  to 11000 Å,  the upper limits of laser-generated Rayleigh wave spectra being 
about  100 MHz.  Hence, the wavelengths in all cases were much larger than the film thickness.  
The results of these investigations confirmed a high information content of the surface acoustic 
wave technique to provide reliable data on the purity of materials and on the elastic parameters 
of films and layered systems.   
     Other important applications associated with surface properties of solids relate to the 
chemical sensors on surface acoustic waves. Because of the uncertainties in theoretical 
description of these devices in the literature we pay special attention to this problem below.   
 
5.   Surface Acoustic Wave Chemical Sensors  
 
Sensors of chemical composition and concentration using surface acoustic waves have been in 
focus of attention for last several years [7, 26-31].  The principle of work of chemical sensors 
considered is based on changes in surface acoustic wave velocity  under the influence of  
molecules of surrounding gas or liquid interacting with the specially prepared surface. These 
changes then result in frequency shift of an oscillator that contains a surface wave delay line in 
its feedback loop.  Sensors of such kind are very attractive because of their high sensitivity, 
small size and, last but not least, their ability to transmit the measured information about 
presence of a particular chemical and its concentration to the remote control stations via 
radiated electromagnetic waves (as variations in generated frequency). The most promising 
applications of these sensors are monitoring of the environmental pollution and remote control 
of chemical reactions.  
 18 
     To provide effective and selective interaction of liquid or gas molecules with surface waves, 
the surfaces of acoustic delay lines used in oscillators are coated with specially selective 
(mainly organic) thin films (e.g., using the Langmuir - Blodgett technique [27]) which provide 
interaction with a chosen chemical through the mechanisms of physisorption  or chemisorption, 
as well as via other possible bonding mechanisms, e.g., irreversible chemical reactions.  The 
nature and efficiency of such interaction determines sensitivity of a device to measured 
concentrations of surrounding gases and its operation speed.  
     For certainty we limit our discussion by gas sensors, although all the conclusions are 
applicable for sensors of chemicals in liquids as well. The difference in the last case, which 
relates mainly to control of chemical reactions, is in increased radiation of Rayleigh wave 
energy into sound waves in liquids that requires additional compensation of associated energy 
losses by means of an electric amplifier.  To reduce these losses, in sensors of chemicals in 
liquids one often uses shear surface waves propagating in thin plates or layered structures (SH- 
or  Love type waves), instead of Rayleigh surface waves (see, e.g., [31]).   
     Despite a number of successful experimental investigations of surface acoustic wave 
chemical sensors, their theoretical description is far from satisfactory.  In many papers only 
qualitative associative explanations of sensors sensitivity are given using proportionality of the 
oscillator response to the mass loading by deposited thin films, usually based on Tiersten’s 
approximate theory (see, e.g., [26,27]).  As the next step, the authors usually assume that 
influence of the elastic properties of the film can be neglected in comparison with mass loading, 
that, generally speaking, is not true.  Besides this, the influence of adsorbed gas molecules 
themselves is not discussed at all, what is not surprising considering the fact that they can not 
be readily incorporated into the Tiersten’s continual theory.  The above described nonclassical, 
or better to say semi-classical, approach to the theory of surface acoustic wave propagation 
based on incorporating surface properties as integral parameters  is free of these limitations and, 
in our opinion,  is the most advanced for description of surface acoustic wave chemical sensors.  
     To discuss suggested theoretical description of the sensitivity of surface acoustic wave 
sensors we consider their simplest version representing surface acoustic wave oscillator which 
has a standard delay line with two interdigital transducers and a radio-frequency amplifier in its 
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feedback (Fig.3).  In the regime of generating radio-frequency output electric signal the total 
phase shift over the feedback loop,  Φ = (2πf/c)L + ϕa , determined respectively by surface 
acoustic wave propagation and by the amplifier, should satisfy the following phase balance 
condition:  
 
    (2πf/c)L + ϕa = 2πn.                                                    (33) 
 
Here  n = 1,2,3,...,  L  is the length of surface wave propagation path,  ϕa   is the phase shift of 
the amplifier,  f = ω/2π  is the operating frequency (in Hz), and  c  is the surface wave velocity 
which depends on the mechanical and physico-chemical parameters of a substrate, selective 
film and on surrounding gas molecular mass, concentration, temperature and pressure.   
     It follows from (33) that generated frequency is determined by the relation  
 
     f = c(2πn - ϕa)/2πL  ,                                                    (34) 
 
where the number  n  is automatically selected by the amplifier pass-band (usually  n = 100-
1000).  
     Since a selective film along with interacting gas molecules is much thinner than propagating 
surface wave lengths all the above considered theory taking account of surface properties is 
ideally applicable to chemical sensors.  According to (26), (27), for a surface coated by a thin 
film with adsorbed gas molecules the velocity of Rayleigh waves may be written in the form  
 
    c = c0(1 + αf) ,                                                       (35) 
 
where  c0 = ctη01/2  is the velocity of unperturbed Rayleigh waves in a substrate, and   
 
    α = (2πp/η0ct)[γ/µ + g(λs + 2µs)/µ - s(ρs/ρ)] .                               (36) 
 
Substituting (35) into (34) gives  
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    f = f0/(1 - αf0) ≈ f0(1 + αf0) ,                                               (37) 
 
where   f0 = c0(2πn - ϕa)/2πL  is the resonance frequency for an oscillator without a film.  Thus, 
for the deviation of the generated frequency   ∆f = f - f0   it follows that  
 
     ∆f = αf02 .                                                             (38) 
 
     Proportionality of  ∆f  to f02   is in agreement with the expressions given in the papers  
[26,27]  based on Tiersten’s approach to the theory of Rayleigh wave propagation on substrates 
covered by thin films.  However, for practical measurements of gas concentration one needs to 
know frequency deviations associated with the influence of gas molecules themselves when 
they interact with a thin film, rather than effect of a thin film with the molecules. To take this 
into account we represent all surface parameters for a film with the adsorbed gas molecules as 
sums of quantities associated with a thin film alone and additions due to gas molecules:  
 
                                                                γ = γ0 + ∆γ ,  
     λs = λs0 +  ∆λs,                                                           (39) 
                                                               µs = µs0 + ∆µs,  
                                                               ρs = ρs0 + ∆ρs .  
 
Representing  α  in a similar way, i.e., α = α0 + ∆α,  and substituting  (39) into (36), one can 
get the following expression for the frequency deviation  ∆fg = f - f0f   associated with the 
adsorbed gas molecules only (versus the film-related frequency  f0f = f0(1 + α0f0) ):  
 
    ∆fg = ∆αf02 ,                                                             (40) 
where 
 
  ∆α = (2πp/η0ct)[ ∆γ/µ + g(∆λs + 2∆µs)/µ - s(∆ρs/ρ)] .                       (41)  
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     The values of  ∆γ, ∆λs  and  ∆µs  describing changes in a stress condition and in the elastic 
constants of the film as a result of its interaction with gas molecules depend on particular 
mechanisms of their physi- or chemisorption. Unfortunately, the values of  ∆γ, ∆λs  and  ∆µs  as 
functions of the parameters and concentrations of the particular film and gas respectively, under 
given pressure and temperature, are not available at present.  One can expect, however, that 
total contribution of these parameters in (41) is essentially less than the contribution of the 
readily obtainable gas mass excess  ∆ρs = MN/S, where  M  is the mass of gas molecules, and  
N  is their number per surface area S.  For comparatively small concentrations  Cg  of the 
polluting gas molecules in air  ∆ρs = GCg,   where  G  is the coefficient of proportionality 
depending on temperature and pressure. Using this relation and neglecting contributions of  ∆γ, 
∆λs  and  ∆µs,  one can obtain the following expression for the sensitivity of gas chemical 
sensors:  
 
     ∆fg = Df02Cg  ,                                                           (42)  
where 
      D = - (2πps/η0ctρ)G.                                                      (43)  
 
One can see that there is no need at all to neglect elastic contributions of a selective thin film 
which effect only the reference frequency  f0f = f0(1 + α0f0).   
     Obviously, formula (42) is valid for relatively small gas concentrations  Cg  when 
monolayers of adsorbed gas molecules are not yet formed on the film surface. Otherwise it 
would be necessary to take account of the interactions between neighbouring gas molecules, i. 
e., to consider the formation of an additional thin film characterised by the corresponding 
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elasticity and residual stresses.  This could result in distortion of a linear dependence of  ∆fg   on  
Cg .  
 
6.   Conclusions  
 
General phenomenological approach has been given to the description of surface acoustic wave 
propagation in solids characterised by structural inhomogeneities near the surface such as  
changes of stress distribution in subsurface atomic layers,  presence of adsorbed gas molecules, 
surface degradation as a result of impacts of the aggressive environment,  damage due to 
mechanical manufacturing or polishing,  deposited thin films or liquid layers,  surface 
corrugations, etc.   It is shown that all above mentioned irregularities can be described by 
means of the nonclassical boundary conditions incorporating the integral surface parameters: 
surface tension, surface moduli of elasticity, and surface mass density.  
       The effect of surface properties on the propagation of Rayleigh surface acoustic waves has 
been analysed in comparison with the results of traditional theories.  It is shown that the 
approach under consideration, being more general in its range of applicability (long-wave 
approximation),  agrees with Tiersten’s approximate theory and Auld’s energy perturbation 
method. For slightly corrugated surfaces it gives the approximate boundary conditions 
originally derived by Brekhovskikh.   
    The approach considered is adequate for phenomenological description of the effect of rarely 
distributed adsorbed gas molecules. This allows us to develop rigorous theoretical description 
of chemical sensors on surface acoustic waves.  Comprehensive analysis is given of the 
sensitivity of surface acoustic wave sensors using selectively adsorbent films to concentrations 
of chemicals in the air.   
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FIGURE  CAPTIONS  
 
Fig. 1.       Geometry of a subsurface layer  
 
Fig. 2.        Deposited thin film of variable thickness  
 
Fig. 3.        Surface acoustic wave chemical sensor:   
                  1 - piezoelectric substrate,  2 - adsorbent film,  3,  4 - interdigital transducers  
 
 



